After operation, changes in nitrogen metabolism occur. Although increased flux of amino acids from peripheral to splanchnic organs after operation has been described, substrate utilization by the individual organs in the splanchnic area is less well characterized. We were specifically interested in substrate flux across the spleen as it is an organ with important immunological functions.
INTRODUCTION
It has been suggested that changes in nitrogen metabolism in peripheral tissue serve to provide 607 carbon skeletons to the liver as precursors for gluconeogenesis [l, 21 . This glucose production is believed to meet the increased glucose requirements in peripheral tissues during sepsis and metabolic stress [2] . The concomitant increase in urea synthesis [2, 31 was explained by the increased supply of nitrogen from the amino acids taken up by the liver and by enhanced production of ammonia by the gut and liver through enhanced uptake of predominantly glutamine and alanine from peripheral tissues by these organs. Net plasma protein synthesis from these amino acids seems to utilize only a small proportion of the amino acids taken up by the liver [2] .
The nutritional requirements and substrate utilization of the immune system after injury or operation are less well characterized. After injury, the immune system is activated [4] . Because lymphocytes and monocytes use glutamine as their principal metabolic fuel [S, 61, it can be hypothesized that activation of the immune system after injury will cause enhanced glutamine consumption . The cells of the immune system are mainly located in lymph nodes and the spleen. Flux measurements in lymph nodes are impossible, but the fact that the white pulp of the spleen consists of collections of lymphocytes [9] allows splenic flux measurements to be used as a semi-quantitative measurement of immune system metabolism in uiuo. We used the pig as an animal model, because the pig splenic morphology and immunoarchitecture is similar to that of the human spleen [lo] .
In this report, we describe portal drained viscera (PDV), splenic, intestinal, liver and hindquarter (HQ) fluxes of amino acids, ammonia, lactate, glucose and urea after a standard operation in otherwise healthy pigs and in a separate group of control pigs, studied 2-3 weeks after operation. The results show that after operation, the net flux of amino acids is from muscle to liver. The fact that after operation the spleen takes up glutamine and glucose and releases lactate and ammonia and because in uitro lymphocytes utilize glucose and glutamine, when activated, suggests that our data are consistent with activation of the immune system in uiuo.
MATERIALS AND METHODS

Animals
Female crossbred (Yorkshire x Dutch Landrace) piglets were used. They were housed individually inside galvanized bar runs (2m by 3m) equipped with an automated watering device and PVC-coated floors. Before surgery, the animals were allowed to adapt to this bar run for at least 1 week. The piglets were fed sow feed [Pregnant Sow Feed; Landbouwbelang, Roermond, The Netherlands; 12% (w/w) protein] to obtain the normal growing rate of the piglets. Normally in our pigs we observe, starting 1 week after operation and using the sow feed, that they grow at a rate of about 2kg/week.
Surgical procedure
Before operation, the animals were fasted for 24 h. Half an hour after premedication (azoperone, 8 mg/ kg), anaesthesia was induced with thiopental sodium (25mg/kg) via an ear vein and sodium ceftiofur (2 mg/kg, intravenously) was given as antimicrobial prophylaxis. Flunixine (50 mg), a prostaglandin inhibitor, was given at the start of the operation to avoid activation of the coagulation system. Anaesthesia was maintained, after oral endotracheal intubation, with a NzO/Oz (1:2) and halothane (0.8%) mixture. During surgery, Ringer's lactate (50& lo00 ml intravenously) was given.
A total of seven 8Ocm long catheters (inner diameter 1.016 mm, outer diameter 1.778 mm; Tygon, Westvaco, Cleveland, OH, U.S.A.) were inserted into blood vessels. Two catheters were inserted via the left and right iliac circumflex profunda artery into the abdominal artery with the tip f 5 cm above the bifurcation (A,) and above the level of the right renal artery (Az), respectively. Also, one catheter was placed via the right iliac circumflex profunda vein into the inferior caval vein with the tip f 5 c m above the bifurcation (V). A portal vein catheter was placed via the colonic vein, exposed between two coils of the colon, using a purse-string suture in the vein, with the catheter tip positioned in the liver hilus (P). Two catheters were placed into a splenogastric vein: one with its tip f 5 c m into the splenic part of the splenic vein (short S) and one with its tip located in the free proximal part of the splenic vein ( f 7 cm away from the spleen) (long S). All veins coming from the spleen, except the splenic vein, were ligated while preserving normal arterial blood flow. Finally, by direct puncture, a catheter was placed into the left hepatic vein (H) as described by Imamura & Clowes [ll] . All catheters were secured in place by purse-string sutures and cyanoacrylate. The positions of all catheter tips were checked during operation using fluoroscopy and an iodine-containing contrast solution. All catheters were led through a small tunnel in the abdominal wall to the skin. The outside parts of the catheters were connected to a small closable valve (Bently Lab, Uden, The Netherlands). The abdominal incision was closed in three layers. The total operation time was 6-8 h.
Each pig wore a canvas harness to protect the catheters and to allow easy handling of the animal. During the whole experiment, the animals appeared healthy and without any signs of infection. The experiments were performed in unrestrained, conditioned, conscious animals, standing in a small movable cage (0.9 m x 0.5 m x 0.3 m). After sampling the catheters were filled with the heparinized (50 units/ml) saline (15Ommol/l NaCl).
Experimental protocol
In nine pigs, experiments were performed on postoperative days (PODS) 1, 2, 3 and 4. In another 10 pigs, experiments were carried out 2-3 weeks after the operation to obtain control values, which were assumed to represent the normal situation. All experiments were done in the morning 16 h after the last meal (the daily food portion was offered between 10.00 and 16.00 hours). On the morning of an experiment (08.00 hours), an infusion of p-aminohippuric acid (PAH) at a rate of 30ml/h per catheter was started and was continued throughout the experiment into the catheters in the short splenic vein (short S) and in the abdominal aorta (A,) after an initial bolus of 5ml of PAH solution. After 1 h, steady-state PAH concentrations were obtained (not shown). Hereafter, blood samples were taken from the arterial catheter (A2), portal and hepatic catheter, splenic (long S) catheter and from the catheter in the caval vein (V).
Flow and flux measurements
The PAH solution [A 1422; Sigma, St Louis, MO, U.S.A.; 5 g/l ( = 25 mmol/l)], made iso-osmolar (300 mosmol/l) by the addition of NaCl and adjusted to pH7.4 by the addition of NaOH was filter-sterilized.
Although amino acid transport across the erythrocyte membrane was shown to be slow [12] , several other factors could influence this transport in uiuo (e.g. duration of capillary contact, flow velocity), making a valid estimation of the contribution of amim acid exchange via the erythrocyte impossible. Therefore, we assumed plasma exchange only to be an indicator of whole-blood exchange. All calculations were performed using plasma flow and plasma concentrations.
Plasma flows were calculated by using PAH in an indicator-dilution technique and the formulae of Katz & Bergman [13] : Sample processing Blood gas analysis was performed immediately after sampling on a blood gas analyser [Acid Base Laboratory (ABL3), Radiometer, Copenhagen, Denmark], after correction for temperature. Within 20min of sampling, the blood samples were centrifuged at 8500g (4"C, 5 min). Packed cell volume was measured. For glucose and lactate determinations, 200 pl of whole blood was centrifuged in tubes containing NaF. Ammonia, urea, glucose, lactate and amino acids were determined in plasma. For amino acid (sulphosalicylic acid/plasma) and PAH (trichloracetic acidlwhole blood) analysis, the sample was deproteinized. All samples were frozen in liquid nitrogen and were stored at -70°C until analysis.
Biochemical analysis
Ammonia, glucose, lactate and urea were determined spectrophotometrically by standard enzymic methods on a centrifugal analyser system (Cobas Bio; Roche Diagnostics, Hoffmann-La Roche, Basle, Switzerland) using commercial kits. Urea values were corrected for ammonia. Plasma amino acids were determined on a fully automated h.p.1.c. system after pre-column derivatization with o-phthaldialdehyde, as described previously [16] . For PAH determination, the method of Brun [17] was adapted for small volumes. The samples were deacetylated (lOO"C, 45 min) and then measured (Cobas Bio, 465nm). Calculations a-Amino nitrogen (a-AN) was calculated as the sum of the amino acids indicated in Table 2 . Branched-chain amino acids (BCAA) were calculated as the sum of valine, leucine and isoleucine.
Statistics
The results are presented as means+sEM. Levels of significance were set at PxO.05 unless stated otherwise. For statistical analysis [ 181, the following tests were used: the Wilcoxon test for significance from zero, the Mann-Whitney U-test for comparison with the normal values, and analysis of variance for changes in time. (Table I) The body weight of the control group was higher, but did not change after operation. On POD 1, 50%
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of the offered daily food portion was consumed by 
(b)
Time ( the pigs. On POD 2 and further on the whole daily Arterial concentrations (Table 2) food portion was consumed within the time allowed.
The arterial concentrations of ammonia, urea and Body temperature increased slightly, but remained glucose were higher post-operatively than in the within the normal range [19] . Only a slight drop in control group. A significantly lower value was found the partial pressure of C 0 2 on POD 1 was on POD 1 for glutamate, asparagine, glutamine, observed, whereas the partial pressure of 0, was glycine, citrulline, alanine, arginine and ornithine, unchanged. whereas higher concentrations were found for 
PDV and liver fluxes
On POD 1, decreased glutamine and oxygen consumption (Table 3) and decreased ammonia and HCO; production was observed in the PDV, lower metabolic rate immediately
. The uptake of ammonia by the liver ced the production by the PDV. HCO, production by the liver (Table 4) increased after POD 2, concomitantly with enhanced liver glucose and urea production, indicating increased gluconeogenic activity during this period. On POD 1, liver glutamine production was found to be reversed to consumption. Liver glutamate production was decreased on POD 1, but quickly normalized.
HQ fluxes
After operation, an increased production of glutamine and alanine (Fig. 2) by the HQ was observed. The concomitant increased efflux of several essential amino acids, such as tyrosine, phenylalanine (Fig. 2) , methionine, tryptophan, lysine and BCAAs (Table 5) suggests that the glutamine and alanine release is related to net muscle protein breakdown. Also, the observed lactate efflux suggests enhanced metabolic activity. The amino acid eMux returned to normal values on POD 3 and POD 4.
Splenic fluxes
Splenic ammonia production (Fig. 3, Table 6 ) was increased after operation with a maximum at POD 2, whereas in this period glutamine production changed to consumption. This process was accompanied by increased glucose uptake and lactate production.
Intestinal fluxes
When calculating the intestinal fluxes (PDV fluxes minus splenic fluxes, Table 7 ), a direct postoperative decrease in oxygen consumption and bicarbonate production was observed, suggesting decreased metabolic activity of the gut after operation. The initial decrease and then slow increase of ammonia and citrulline production and glutamine uptake seem to be related to this observation. The amount of glutamine uptake by the intestine was lower than that of the spleen on the first two postoperative days, suggesting that in this situation a large part of the PDV glutamine flux is of splenic, not intestinal, origin.
DISCUSSION
In order to study amino acid and ammonia exchange between the splanchnic region and peripheral tissue after operation, fluxes of several substrates were measured across the gut, liver and HQ. The pattern of substrate requirements of the immune system was studied by flux measurements across the spleen of conscious pigs.
After operation, increased net flux of amino acids from peripheral tissue to splanchnic t known change in nitrogen metabolism [2, 21-23 ] and not of release from the free amino acid pool, which is small and cannot sustain ongoing release at the rate observed.
During the period of enhanced HQ amino acid release, the uptake of glutamine by the liver increased, suggesting that the route of nitrogen transport is from peripheral tissue to splanchnic tissue. During this phase lactate uptake and glucose production was enhanced, demonstrating that postoperatively gluconeogenesis in the liver is enhanced. Glucose production was greater than can be explained by lactate and amino acid uptake, implying that glycogen degradation also occurs post-operative1 y.
Glutamine uptake by the intestine decreased after operation, concomitantly with decreased ammonia efflux. This finding is in contrast with other observations [2, 28, 291. Probably part of the suggested increased uptake, measured as PDV flux, was of splenic origin. Also, in pigs, the liver seems to be more important for the deamidation of peripherally produced glutamine than the intestine.
We observed post-operatively enhanced splenic glutamine and glucose uptake and lactate and ammonia release. This, in relation to the observed enhanced utilization of glucose and glutamine of activated lymphocytes in vitro [S], suggests that our data are consistent with activation of the immune system in vivo.
During the whole observation period, the spleen was an organ of ammonia production and this production increased to more than 50% of total PDV ammonia production on POD 1 and POD 2. This phenomenon has not been described in the literature and must be taken into account when studying PDV fluxes after injury. Glutamine production by the spleen reversed to uptake after operation, suggesting that glutamine deamidation is the source of the ammonia. Because glutamine is an essential energy substrate in the cells of the lymphatic system [5, 61 and is also capable of activating lymphocytes to transform themselves into plasma cells in uitro [38] , this uptake seems to be important for the function of splenic immune cells. We think that the glutamine consumption by the spleen is the result of uptake by lymphocytes and macrophages present in the spleen.
The deamidation of glutamine produces ammonia, which cannot be used by the immune cells, and therefore ammonia production by immune cells reflects glutamine consumption by these cells. In vitro, enhanced ammonia production by lymphocytes was observed when lymphocytes were activated and stimulated to grow [S, 6, 81. Therefore, the increase in splenic ammonia production and glutamine consumption seems to be caused by immune system activation, which occurs after operation or injury [39] . It remains to be established whether the observed ammonia production by the spleen can be used as a semi-quantitative measurement of immune cell metabolism.
It has been suggested that glutamine consumption by the immune system is the flux-generating step for peripheral glutamine production [4, 401. In our study, production of glutamine by the HQ over time was related to glutamine consumption by the spleen, which was 30-50% of HQ glutamine production. The fact that glutamine consumption by the intestine was decreased after operation and that liver and splenic glutamine uptake increased, suggests that peripheral glutamine production is mainly for gluconeogenesis and immune system proliferation, in line with the observed increase in liver glucose production and splenic glutamine consumption. Also, in the light of this, part of the liver uptake of glutamine could be used for immune system proliferation within the liver.
In conclusion, after operation in pigs, the net flux of amino acids is from HQ to liver. The enhanced splenic ammonia and lactate release and increased splenic glutamine and glucose uptake seen after operation suggests that activation of the immune system occurs after operation.
